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1. Introduction.

A. Connection (or parallel transport) is the main object in the geometry of mani-
folds. Indeed, connections allow comparison between geometric quantities associated with
different (distant) points of the manifold. In 1917 T. Levi-Civita [Lv] introduced a notion
of connection for a manifold embedded into R"™. In 1918 H. Weyl [We| introduced gen-
eral symmetric linear connections in the tangent bundle. In 1922 E. Cartan [C1], [C2],
[C3] studied non-symmetric linear connections (or affine connections), where the torsion
is interpreted in general relativity as the density of intrinsic angular momentum (spin) of
matter. Actually Cartan explains that affine connection and linear connection with torsion
is the same thing. According to Cartan, connection is a mathematical alias for an observer
traveling in space-time and carrying measuring instruments. Global comparison devices
(like a transformation group in the Erlangen program by F. Klein) are forbidden by the
finite propagation speed restriction (see, for example, [S]).

It might seem that the Riemannian geometry only requires a Riemannian metric, but
this is due to the fact that there is a canonical Levi-Civita connection associated with this
metric.

In this paper we study geometry of symplectic connections, i.e. symmetric (torsion-
free) connections which preserve a given symplectic form.

We start (in Sect.1) with a more general context. Let us consider an almost symplectic
manifold, i.e. manifold M with a non-degenerate exterior 2-form w (not necessarily closed)
and try to describe all linear connections (i.e. connections in the tangent bundle) which
preserve this form. In the classical case of non-degenerate symmetric form g = (g;;)
(Riemannian or pseudo-Riemannian) the answer is well known due to T. Levi-Civita,
H. Weyl and E. Cartan: for any tensor 7" = (7, 1’;), which is antisymmetric with respect

to the subscripts ¢, 7, there exists a unique connection I' = (Ffj) with the torsion tensor
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T (ie. Ffj - I‘?i = Tilj- ) such that I' preserves g. If " = 0, this connection is called the
Levi-Civita connection. It is the canonical connection associated with g.

We first prove a skew-symmetric analog of this Levi-Civita theorem. Namely, there
is a canonical one-one correspondence between the following two sets of linear connections
on an almost symplectic manifold (M, w):

1) all symmetric connections on M;

2) all connections on M which preserve w.

This correspondence is obtained as follows: for a connection I' which preserves w, we just
take its symmetric part II = (II3;), II%, = %(F;k + I',;) (which is again a connection).
This gives a bijection between all connections preserving w and all symmetric connections.
The inverse operator is also given by explicit formulas (see (1.7) below).

Note the following analogy with the Levi-Civita construction. There we can prescribe
the antisymmetric part of the connection, which is a tensor (the torsion tensor). In par-
ticular we can take this tensor to be zero (then we arrive to the Levi-Civita connection).
In symplectic case (or rather in case of any non-degenerate antisymmetric form) we can
prescribe the symmetric part of the connection which is not a tensor but a symmetric
connection.

Geometry of almost symplectic manifolds was studied by H.-C. Lee [Lel], [Le2], P. Li-
bermann [Lil-Li3], V.G. Lemlein [Lm1l-Lm4|, Yu.l. Levin [Lvn|, Ph. Tondeur [To] and
I. Vaisman [Val] (see also references in [Li2, Li3], [Lm4]|, [Val]). In particular, V.G. Lemlein
and Ph. Tondeur independently gave two different (but less geometric) descriptions of all
connections preserving w. (See also [Val] for a proof and a refinement of the Ph. Tondeur
result.)

V.G. Lemlein [Lml] also introduced almost symplectic manifolds with a symmetric
connection such that Vw = pu(z)dw (as tensors). It follows that pu(x) = 1/3. He described
the connections V with this property in terms of an object v;;, which is completely sym-
metric in ¢, j, k (though it is neither a tensor nor a connection). However the equality
vijk = 0 has an invariant meaning for locally projective manifolds. Therefore a locally
projective almost symplectic manifold has a canonical symmetric connection (see [Lm3]
and also [Lm4], Theorem 45).

B. In Sect.2 we introduce our main object: Fedosov manifolds. By definition a Fedosov
manifold is a triple (M,w, ") where (M,w) is a symplectic manifold (i.e. w is a symplectic
form, a non-degenerate closed exterior 2-form, on a C'*°-manifold M) and I is a symplectic
connection on M.

The famous result of Fedosov gives a canonical deformation quantization on such a
manifold. This quantization is canonically defined by the data (M,w,T") (see e.g. [F1],

For the role of symplectic connections in geometric quantization see e.g. [Lch], [Hs]. A
symplectic connection can be uniquely associated to a Lagrangian polarization — see [Hs|,
[M], [Val]. B. Kostant [K| shows that the cotangent bundle to a Lie group has a canonical
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symplectic connection i.e. a canonical structure of a Fedosov manifold. K. Habermann [Ha]
defined and studied symplectic Dirac operators on Fedosov manifolds with an additional
metaplectic structure.

Note that symplectic connections exist on any symplectic manifold. Indeed, locally
such a connection can be constructed in Darboux coordinates by assigning all Christoffel
symbols to be identically 0. Then we can glue a global symplectic connection by a partition
of unity. Therefore a structure of a symplectic manifold can be always extended to a
structure of a Fedosov manifold.

In fact the symplectic connections on a symplectic manifold form an infinite-dimen-
sional affine space with difference vector-space isomorphic to the space of all completely
symmetric 3-covariant tensors - see e.g. [BFFLS], [Ve] and Section 1 (the paragraph after
(1.5)) below.

Fedosov manifolds constitute a natural generalization of K&hler manifolds. A Ké&hler
manifold can be defined as a Fedosov manifold (M, w, ") with an additional almost complex
structure J (in the tangent bundle T'M), such that the formula

(0.1) g(X,Y) :=w(JX,Y), X,Y € T,M, z € M,

defines a Riemannian metric on M, and I' is the Levi-Civita connection of this metric.
(See e.g. [K-N], vol.2, Ch.IX, Sect.4, or [Br|, p.148.)

On the other hand there are symplectic manifolds such that they do not admit any
Kahler structure, even with a different w (see e.g. [Br|, p.147, for a Thurston example).

We study the curvature tensor of a symplectic connection (on a Fedosov manifold).
The usual curvature tensor R’ it 1s well defined by the connection alone. But the tensor
Rijr = wipRp ki is more interesting. (We use the standard Einstein summation conven-
tion, so here the summation over p is understood.) This tensor is well known. For example,
V.G. Lemlein ([Lm1], [Lm2]) introduced and studied it in a more general context of almost
symplectic manifolds with a connection. In particular, some important symmetry proper-
ties of this tensor were obtained in [Lm2] and later rediscovered by I. Vaisman [Val]. Since
we tried to make this paper self-contained, we give (usually new) proofs of some properties
of this tensor which were first obtained in [Lm2] and [Val]. Following I.Vaisman [Val] we
will call R;ji; the symplectic curvature tensor.

The symplectic curvature tensor has symmetries which are different from the sym-
metries of the curvature tensor on a Riemannian manifold. Namely, aside of standard
symmetries Rijx = —Rijix, Ri(ijky = 0 (here the parentheses mean that we should take
sum over all cyclic permutations of the subscripts inside the parentheses), it is symmetric
with respect to the first two subscripts: R;jx = Rjiri- We deduce from these identities
that R(ijkl) =0.

C. In Sect.3 we consider the Ricci tensor K;; = Rkikj = wkpRpikj which is again
defined by the connection alone. I. Vaisman [Val] proved that it is in fact symmetric (as
in the case of Riemannian manifolds) and the structure of the Fedosov manifold plays
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important role in the proof. We give two proofs of the symmetry of K;; (in particular we
deduce it from the identity Rz = 0).

There are two natural non-trivial contractions of the curvature tensor on a Fedosov
manifold seemingly leading to two different Ricci type tensors (tensors of type (2,0) or
bilinear forms on each tangent space). However we prove that they only differ by a constant
factor 2: wklRijk;l = 2K;;. We also prove that the operator

L= wijviv]‘ ;

on vector fields has order zero and corresponds to the Ricci tensor (with one subscript
lifted by w).

In the Riemannian case contracting the Ricci tensor we obtain the scalar curvature.
On a Fedosov manifold we can only use the symplectic form for the contraction, and this
obviously leads to a trivial result.

Note also that I. Vaisman [Val| provided a complete group-theoretic analysis of the
space of all curvature-type tensors (i.e. tensors with the symmetries described above) as
a representation space of the group Sp(2n), where 2n = dimpg M. He proved that the
corresponding representation space splits into a direct sum of two subspaces, one of them
is the space of all tensors with vanishing Ricci curvature part, and another is also explicitly
described. Each of these two subspaces is irreducible.

Vanishing of the Ricci tensor provides the vacuum Einstein equations in the Rieman-
nian or pseudo-Riemannian case. This is a determined system for the components of the
metric. We can also write the vacuum Einstein equations K;; = 0 on a Fedosov manifold.
We call the manifolds with this property symplectic Einstein manifolds. (They are called
Ricci flat in [Val].) However K;; = 0 is an undetermined system (for the symplectic form
together with the symplectic connection). The obvious local gauge transformations (sym-
plectic transformations of coordinates) are not sufficient to remove the underdeterminacy
even in dimension 2.

We also give a definition of sectional curvature on a Fedosov manifold. It is a function
on non-isotropic 2-planes II in the tangent bundle, and it is defined as the canonical form
of the quadratic form Z — R(Z,Z,Y,X), Z € 11, where {X,Y} is a basis of II such that
w(X,Y) = 1. In other words the sectional curvature has values in the orbit space of the
action of SLs(R) on the set of all quadratic forms on R2. If we denote 21, 29 the coordinates
of Z in the basis X, Y, then the list of all possible canonical forms looks as follows:

(a) 7(23 + 23) where r € R;

(b) r(2% — 23) where r > 0;

(c) +22.

In particular the standard 2-sphere considered as a Kéhler (hence Fedosov) manifold
presents the case (a) with r = 1, the standard hyperbolic (Lobachevsky) plane gives also

the case (a) with r = —1. We also give examples of translation invariant Fedosov structures
on 2-torus where the sectional curvature is (b) (with a constant r > 0) or (c).
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D. In Sect.4 we introduce normal coordinates on a Fedosov manifold. They are defined
as affine coordinates in the tangent space to T,M which are transferred to M by the
exponential map of the given connection I' at p. Since they are defined by the connection
only, the construction does not differ from the Riemannian case. We can also define affine
extensions of an arbitrary tensor 7' = (7};!"*) which are tensors 7,'"7* = obtained
at p € M by taking the corresponding derivatives of the components of 7" in normal
coordinates centered at p and then evaluating the result at p. Applying this procedure to

the Christoffel symbols I';;;, we obtain so called normal tensors
Aijk =0, Ajjkars Aijkarass--- -

(They are tensors in spite of the fact that I';;; do not form a tensor, and due to the fact
that I';;, undergo the tensor transformation law if the transformation of the coordinates
is linear.)

Extending results of T.Y. Thomas and O. Veblen (see e.g. [E, Th, V]) we describe all
algebraic relations for the normal tensors and the extensions of the symplectic form at a
point of a Fedosov manifold. Compared with the classical situation (arbitrary symmetric
connection) a new relation is added to provide the compatibility of the normal tensors
with the existence of the preserved symplectic form (see (4.18)). We also prove that all
local invariants of a Fedosov manifold are appropriate functions of the components of the
normal tensors and of the components of the symplectic form.

E. In Section 5 we study relations between the normal tensors and the curvature
tensor. Here we again use an appropriately modified technique by T.Y. Thomas and
O. Veblen. We provide formulas which express normal tensors through the extensions of
the curvature tensor (or its covariant derivatives) and vice versa. A simplest corollary of

these formulas is )
Wij kl = nglij )

where wj; 11 is the 2nd extension of w and R is the curvature tensor.

We also prove that the above mentioned symmetries of the curvature tensor together
with the Bianchi identity (see (5.25)) and an integrability identity (see (5.26)) provide a
complete system of identities for the curvature tensor and its first covariant derivatives at
a point of a Fedosov manifold.

It follows from the results of Sect.5 that any local invariant of a Fedosov manifold
is an appropriate function of the components of w and of the covariant derivatives of the
curvature tensor (Theorem 5.11). A complete description of such functions in Darboux
coordinates was done by D.E. Tamarkin [Ta]. We plan to discuss local invariants in more
detail in a future paper.

F. The Poisson manifolds are a natural generalization of symplectic manifolds (see
e.g. [Va2]). They only have w® which can be degenerate, but satisfy a natural identity
which is equivalent to the Jacobi identity for the corresponding Poisson bracket. Recently
M. Kontsevich [Ko| constructed a deformation quantization on any such manifold. Note
however that a connection preserving the Poisson structure does not always exist. Indeed,
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if it exists then the matrices w® should have a locally constant rank, because the parallel
transport preserves the rank. This is not the case e.g. if all the components w® (z) are
linear in z and not identically 0, as is the case for the linear Poisson brackets defined by
non-abelian Lie algebras.

G. We are grateful to M. Eastwood, S. Gelfand, A.R. Gover, M. Khalkhali, B. Kostant,
J. Slovak, P. Tod and I. Vaisman for useful discussions and references. The third author
also acknowledges support of the University of Adelaide (Australia) and the Fields Institute
(Toronto) during the final stage of his work on this paper.

1. Connections on almost symplectic manifolds.

Suppose we are given a manifold M, dim M = n, and a non-degenerate 2-form w
which we shall fix. Such a pair (M,w) is called almost symplectic manifold (see e.g. [Li]
and references there).

Let V be a connection (covariant derivative) on M. We will say that V preserves w if
Vw =0 or

(1.1) Z(w(X,Y)) =w(VzX,Y)+w(X,VzY)

for any vector fields X,Y, Z.

Let us write this in coordinates. If #,..., 2™ are local coordinates, denote 9; = 9/0x".
The components of w in these coordinates are w;; = w(0;, 9;). Let us denote V; = Vj, and
introduce the Christoffel symbols Ffj by V;0; = Ffj Ok. (Here and later on we omit the sign
of summation using the standard Einstein convention.) We will identify the connection V
with the set I' = (Ffj) of its Christoffel symbols.

It is sufficient to write (1.1) for X = 0;, Y = 0;, Z = 0. This gives
(1.2) Opwij = wially; — wjilh; = Tirg — Ty
where I'ji; = wilfij.
The equality dw = 0 or d(w;;dz" A dz?) = 0 means
(1.3) Ohwij + Ojwyi + Owjip = 0.
Recall that V is symmetric (or has no torsion) if
(1.4) VxY —VyX = [X,Y]

for arbitrary vector fields X, Y. Taking X = 9;, Y = 0, we can rewrite this in coordinates
as I'}; = I'; or, equivalently,

(1.5) Tijk = Dir -

If dw = 0 then we can locally find Darboux coordinates where w;; are constants. Then
(1.2) is equivalent to the symmetry of I';;, with respect to 4,k. Therefore in Darboux
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coordinates the symmetric connections preserving w are exactly the connections with the
Christoffel symbols I';;;, which are completely symmetric with respect to all indices i, j, k.
Now note that the difference between two connections is a tensor. It follows that for any
two symmetric connections V, V' preserving the same form w, the difference I';;, —I%; is
a 3-covariant tensor which is completely symmetric in all indices in Darboux coordinates,
hence in any coordinates.

Let I' = (T'};) be a linear connection on M. Denote by II = (II};) its symmetric part
(IT =TI(T)) i.e.

1
(1.6) I = 5 (T3 + T50)-

Theorem 1.1. The map I' — II(T") gives a bijective affine correspondence between the
set of all connections preserving w and the set of all symmetric connections. The inverse
map I — T is given by

1
(1.7) [rij = 5(3kwij — Oiwjk — Ojwri) + (Mgij + i — Iijn).

In case when w is closed (hence symplectic) this formula can be rewritten as

(1.8) Crij = Opwij + (Hpsj + Wjin — i)

Proof. Assume that I' preserves w i.e. (1.2) is satisfied. It follows by the cyclic
permutation of 7, j, k that

Oiwjr = Ljir — Ty

and
Ojwii = I'kji — Liji.-

Subtracting these two relations from (1.2) and using (1.6) we come to (1.7). Now (1.8)
follows if we use (1.3). O

Corollary 1.2. IfT' is a connection which preserves w then the following properties
are equivalent:

(i) T is symmetric (or T’ =11);

(ii) II preserves w, i.e. the symmetric part of I' preserves w.

Proof. Clearly (i) implies (ii). Vice versa, assume that (ii) is true. Then (i) should

be true because a connection which preserves w and has the given symmetric part II is
unique due to the theorem. O

Corollary 1.3. [Val] Let (M,w) be an almost symplectic manifold with an action of
a group G which preserves w. Assume that there exists a G-invariant connection on M.
Then M has a G-invariant connection preserving w.
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Proof. If I is a G-invariant connection on M, then its symmetric part II is also G-
invariant. Therefore the corresponding w-preserving connection (from Theorem 1.1) will
be also G-invariant. O

Remark 1.4. It is a well known fact that a symmetric connection preserving w exists
if and only if w is closed (see e.g. [Lil], [To], [Val]). This can be proved as follows: if I'
is a connection, which preserves w, i.e. (1.2) is satisfied, then we can rewrite (1.3) in the
form
Uik = Ujki + Trji = Dije + Tjie — iy = 0

which is obviously true for any symmetric connection.

Vice versa, if w is closed (hence symplectic), then locally we can take the trivial con-
nection in Darboux coordinates. Globally we can glue a symmetric connection preserving
w using a partition of unity.

Remark 1.5. Suppose we are given non-degenerate symmetric and antisymmetric
2-forms g and w at the same time. Then we can construct a sequence of connections.
Let us start with any antisymmetric torsion tensor Ty (e.g. zero). Then there exists a
unique g-preserving connection II¥ with the torsion Tj. Denote by S; its symmetric part
(this is a symmetric connection). Then we can find a (unique) w-preserving connection I'{
which has the symmetric part S7. Denote its torsion tensor by 77. Now we can repeat the
construction starting with T3 instead of Ty. In this way we obtain a sequence of connections
and torsion tensors

To—Il{— S —I{Y =T —1I— S —T5—Th—....

This sequence looks similar to the sequence which appears when one uses two symplectic
structures in the theory of integrable systems.

Note that for Kahler manifolds, starting with Ty = 0 we obtain the sequence which
stabilizes i.e. we get T; = 0, II{ = S; =T for all j.

Remark 1.6. Independently of Theorem 1.1 it is easy to observe a coincidence of
functional dimensions (the number of independent functional parameters) of the two sets
of connections above: all connections preserving w and all symmetric connections. Playing
with the dimensions we noticed another curious coincidence:

(1.9) Cp—Cy =S, — S5+ A3,

where w is a given non-degenerate (exterior) 2-form,

C,, = f-dim of all connections = n?,

(f-dim means functional dimension)

(n+2)(n+1)n
6 )

Sy = f-dim of symmetric connections preserving w =



2
n“(n+1
CY = f-dim of connections preserving w = g

n 2 ,
2
1
Sy = f-dim of all symmetric connections = %
n(n—1)(n—2)

A? = f-dim of all (external) 3-forms = 6

It would be interesting to clarify the coincidence (1.9) (similarly to the clarification of the
“coincidence” C¥ = S,, which was given above).

2. Symplectic connections and their curvature.
Let (M,w) be a symplectic manifold, V (or I') a connection on M.

Definition 2.1. If V is symmetric and preserves the given symplectic form w then
we will say that V is a symplectic connection.

Definition 2.2. Fedosov manifold is a symplectic manifold with a given symplectic
connection. A Fedosov manifold (M,w,T") is called real-analytic if M,w,T" are all real-
analytic.

The curvature tensor of a symplectic connection is defined by the usual formula
(2.1) R(X,Y)Z =VxVyZ —-VyVxZ —Vxy|Z.
The components of the curvature tensor are introduced by
(2.2) R(0j,01)0; = R";.0m -
Denote also

(2.3) Rijii = wim R = w(0i, R(Ok, 01)0;) -

Instead of R;jx; we can also consider R(X,Y, Z, W) which is a multilinear function on any
tangent space T, M (or a function of 4 vector fields which is multilinear over C*°(M)):

(2.3) R(X,Y,Z,W) = w(X,R(Z, W)Y),

so that R;ji = R(0;, 05, 0k, 0;). But it is usually more convenient to do calculations using
components.

It is obvious that
(2.4) Rijii = —Rijik -

The formula expressing the components of the curvature tensor in terms of the Christoffel
symbols has the standard form:

(2:5) R'ijp = 0;Th; — 0L + TiiLG,, — DT,
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For any symmetric connection we have the first Bianchi identity

(2.6) Ri(jkiy := Rijri + Rigij + Rujr = 0.

( For the proofs of (2.5) and (2.6) see e.g. [D-F-N], Sect.30, or [He], Ch.1, Sect.8, 12).
Proposition 2.3. ([Lm2|,[Val]) For any symplectic connection

(2.7) Rijri = Rjiki -

Proof. Let us consider
(2.8) 8k81wij = 8k[w(Vl8i, (9]) + w(&i, Vlﬁj)] =
= w(Vleai, 8]) + w(Vlai, Vka]) + w(Vkai, Vlaj) + w(&i, Vkvlﬁj) .
Changing places of k,[ and subtracting the result from the (2.8) we obtain:

0= w([Vk, Vl]ai, 8]) + w(&i, [Vk, Vl]aj) = W(R?klam, (9]) + w(&i, Rmklam) =

J

= W R + WimRn;‘kz = —Rjip1 + Rijr - O

Proposition 2.4. For any symplectic connection

(2.9) Riijry = Rijrr + Riijre + Ry + Rjgi = 0.

Proof. Using (2.6) we obtain
Rijki + Ririj + Rijr =0,

Rjik + Rjryi + Rjiie = 0,
Ryiji + Ryjii + Rikij =0,
Ryijr + Rijri + Rigij = 0.
Adding all these equalities and using (2.4) and (2.7), we obtain (2.9). O

3. Ricci tensor and sectional curvature.

Let us look for possible contractions of the curvature tensor which can lead to new
non-trivial tensors.

Lemma 3.1. On any Fedosov manifold
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Proof. The result immediately follows from the symmetry of Rj;; with respect to
the first two subscripts (Proposition 2.3). O

Definition 3.2. The Ricci tensor of a Fedosov manifold is defined by the formula
(3.2) Kij = R¥; = w R -
Equivalently we can define K as a bilinear form on T, M:
(3.2") K(X,Y)= K X"V’ =tr{Z — R(Z,Y)X},

where XY, Z € T,M, X = X'0;,Y =Y79;.
Note that the Ricci tensor depends on connection only. (It does not depend on w.)

Proposition 3.3. [Val] On any Fedosov manifold the Ricci tensor is symmetric:

Proof. Multiplying (2.9) by w*’, summing over k,i and using the symmetries (2.4)
and (2.7) of the curvature tensor we get the desired result. O

Corollary 3.4. [Val] On any Fedosov manifold
(34) u}jiKij =0.

This means that the usual way to define the scalar curvature gives a trivial result.

Now let us show that the second non-trivial contraction of the curvature tensor again
leads to the Ricci tensor.

Proposition 3.5. On any Fedosov manifold

(3.5) WM R = 2K .

Proof. Using (2.6) and the symmetries (2.4), (2.7), we obtain
W Rijr = WM (= Riptj — Rujr) = W Ry + 0™ Ry = 2K . O

Remark 3.6. Since the left hand side of (3.5) is symmetric in 7, j due to the symmetry
(2.7), the formula (3.5) provides another proof of the symmetry of the Ricci tensor.

Yet another definition of the Ricci tensor can be extracted from the following

Proposition 3.7. Denote
(3.6) L= w”VNj y
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which is considered as an operator on vector fields. Then L in fact has order O and

(3.7) (LX) =L"X7, L' =uw"Ky;,
SO
(3.8) Kij = wiL¥; .

or on other words

(3.8 K(X,Y)=w(X,LY), X,YeT,M.

Proof. We have

. 1 .. 1 ..
L= w”Vivj = §w”(VNj - Vjvi) = EWUR(@,GJ’) y

therefore ) .
(LX) = iwklRZplep = §wwcu’“qumep = WK, X?

where we used Proposition 3.5. Now (3.7), (3.8) and (3.8") immediately follow. O

The following definition is a possibility to introduce an analogue of the Einstein equa-
tions on a Fedosov manifold.

Definition 3.8. Finstein equation on a Fedosov manifold is the system

(3.9) Kiy;=0.

This is a system of nonlinear equations on the data of the Fedosov manifold: its symplectic
form and connection. There is an important difference with the symmetric case: the system
(3.9) is not determined. Indeed, using Darboux coordinates we can assume that w has a
canonical form and we only seek the Christoffel symbols I';;; which should be completely
symmetric (see Sect.l). It is easy to see that the functional dimension (the number of
free functional parameters) for the space of such connections is (n + 2)(n + 1)n/6 (here
n = dimp M), whereas for the space of symmetric 2-tensors it is (n+ 1)n/2. The equality
of these functional dimensions holds if and only if n = 1, which can not be a dimension of
a Fedosov manifold.

On the other hand the equation (3.9) is non-trivial. Indeed, using (2.5) we obtain in
Darboux coordinates

(3.10) Riir; = Okl'1ji — 05Tk + W™ T pjil ik — W™ PT i lijm
therefore
(3.11) Kij = wklRlikj = wklakl“lij — wklwmpl“pikFljm )
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because after multiplication by w*! and summation over k, ! the second and he third terms
in (3.10) vanish due to the symmetry of I';; in 4, j, k.

Definition 3.9. Symplectic Einstein manifold is a Fedosov manifold such that its
Ricci tensor vanishes, i.e. the Einstein equation (3.9) is satisfied.

In terminology of I. Vaisman [Val] such manifolds are called Ricci flat.

Let us discuss a possibility to define sectional curvature. Consider a 2-dimensional
subspace II in a tangent space T, M to a Fedosov manifold M at a point x € M. For any
X,Y € 1II consider a quadratic form on II given by

(3.12) Exy(Z)=R(Z,2,Y,X).

Assuming that II is symplectically non-degenerated (non-isotropic) we can choose X,Y,
so that w(X,Y) = 1. Denote by z1, z5 the coordinates of Z € II in the basis X,Y, i.e.
Z = 21X + 22Y. Adjusting the basis X,Y by linear transformations preserving w (i.e.
by the action of the group SLy(R)), we can bring Ex y to one of the following canonical
forms:

(3.13a) r(z24+23), rER;
(3.13b) r(z2 —23), r>0;
(3.13¢) 22,

Here r = r(II) does not depend on the choice of the basis X, Y in IT and it does not change
if we multiply w by a real constant ¢ # 0, in particular, if we change sign of w.

Definition 3.10. Sectional curvature of a Fedosov manifold M is a function
IT — {canonical form of Ex y}

defined on the set Grg (T'M) of all symplectically non-degenerated (non-isotropic) 2-planes
in the tangent bundle TM. We can also interpret it as a function on Gry (T'M) with
values in the orbit space Q(R?)/SLo(R) where Q(R?) is the linear space of all quadratic
forms (or, equivalently, symmetric bilinear forms) on R?, and SLy(R) acts on Q(R?) by
the change of variables. In particular, the number r = r(II) from (3.13a,b) becomes a
continuous function on Gry (T'M) if we define r(II) = 0 in case (313¢). This function may
become singular when we approach the subset of all isotropic planes in the Grassmanian
bundle of all 2-planes in T'M.

Example 3.11. Consider the 2-sphere S% of the radius R in R? with the structure
of a Fedosov manifold such that the connection is induced by the parallel transport in R3
(or, equivalently, is the Levi-Civita connection of the Riemannian metric induced by the
canonical metric in Rg) and the symplectic form is given by the area (induced by the same
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Riemannian metric). Then a straightforward calculation shows that for all tangent planes
we are in the case (3.13a) with r(II) = 1/R2.

Example 3.12. Consider the standard Lobachevsky (or hyperbolic) plane H?, e.g.
the half-plane model {(x,y) € R*| y > 0} with the Riemannian metric

dx? + dy?
ds?® = 7—2 y
Yy
As in the previous example the corresponding area-form and Levi-Civita connection provide
the structure of Fedosov manifold on H?. A straightforward calculation shows that for all
tangent planes we are again in the case (3.13a) but with r(II) = —1.

Remark 3.13. Assume that M is a Kahler manifold. Then M has a canonical
connection and a canonical curvature map (2.1) (which depends on the connection only),
but it has two curvature tensors with all the suffixes down: the Riemannian curvature
which we will denote ]::iijkl = ¢(0;, R(0k, 0;)0;) and the curvature of M as a Fedosov
manifold (we will denote it R;;,; as above). There is an obvious relation between them:

(3.14) Rijr = gipRpjkl = Gipw"" Ronjit -

We can write this relation in a different form using the complex structure J from (0.1)
(see [Val]):

(3.14') R(X,Y,Z,W)=R(JX,Y,Z,W).

Indeed,

R(X,Y,Z,W)=g(X,R(Z,W)Y) =w(JX,R(Z,W)Y) = R(JX,Y, Z,W).

It follows easily from (3.14) (or (3.14’)) that on a Kédhler manifold only the case (3.13a)
is possible. Indeed, given a point € M we can find an orthonormal basis in T, M such
that w has the standard Darboux form in this basis, i.e. waj_1,2; =1, w; j4p =0if p > 2.
The first two vectors of this basis can be arbitrary orthonormal vectors X,Y € T, M such
that w(X,Y) = 1. Denote by II the 2-plane spanned by these vectors. Let us calculate the
coefficients of the form (3.12) for the chosen basis. We have

Ry1o1 = wiaR%y; = w12g™ Ro1o1 = Ro1o1 = Rio1z = R(1D)
where R(II) is the Riemannian sectional curvature of II. Similarly we find

Raogo1 = R(IT), Ri221 = 0.

It follows that in the Kéhler case the form (3.12) always belongs to the type (3.13a) with
the coefficient r(II) which coincides with the Riemannian sectional curvature.
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The following example shows that for general Fedosov manifold the cases (3.13b) and
(3.13¢) are possible too.

Example 3.14. Let us describe all translation invariant Fedosov structures on R?
or on 2-torus 72 = R? / Z?. We will use the standard global linear coordinates z!, 22 on
R?. The Fedosov structure w,I' is translation invariant if and only if in these coordinates
Wij, F; ;. are constant, or, equivalently, if w;;, I';;1 are constant. It follows that I';;;, should be
completely symmetric in i, j, k. Therefore the Fedosov structure in question is completely
defined by 5 constants: w12, Flll: Fllg, F122, F222.

For simplicity assume that wis = —ws; = 1. It follows that w?' = —w!? = 1.
Substituting into (2.5) (or rather into (3.10)), we see that the essential components of the

symplectic curvature tensor R;;i; are
Ritiz = 2[(T112)* — T111l22] 5

Ri212 = T'112M122 — 1111222 5

Roo12 = 2[(T122)? — 11222 -
Let us take for example I'111 =0, I'112 = a, I'1o2 =0, T'ogo = b . Then
Ri112 =24, Riz12 =0, Ra12 = —2ab.
In particular, the quadratic form (3.12) in the standard basis X = 01,Y = 05 is
—2a%2% + 2abz3 .

So taking a > 0, b > 0 we obtain a translation invariant Fedosov structure (on R* or
T?) with the sectional curvature (3.13b), and taking a > 0,b = 0, we obtain a Fedosov
structure with the sectional curvature (3.13c).

Calculating the Ricci curvature in this example, we easily find that in the same basis
Kij = Rijo1,
so the corresponding quadratic form (3.12) coincides with the quadratic form defined by

the Ricci tensor.

Note that no Fedosov structure on a compact Riemannian surface M of genus g # 1
can have sectional curvature (3.13b), (3.13c) at all points, because this would imply exis-
tence of a one-dimensional subbundle in T'M, hence vanishing of the Euler characteristic

of M.
4. Normal coordinates and extensions.

Let us consider a manifold M with a given non-degenerate 2-form w. Let I' be a
symmetric connection on M. (At the moment we do not assume that I' preserves w.)
Given a point p € M we have the exponential map exp,, : U — M defined by I'. Here U is
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a small neighborhood of 0 in T}, M, and exp,(v) = x(1) where v € U and x(t) is a geodesic
defined in local coordinates (x!,...,2™) near p by

d?x? ;. dad dak
(4.1) 2 Y =0 z(0) = p, 2'(0) = v,

so t is a canonical parameter along the geodesic. Denote by (y!,...,3™) the local coor-
dinates on M near p which are induced by linear coordinates on T),M through the map
exp,,, so that

i By i
(4.2) y’(p) =0, and axj( p) =0d;.
In this case (y!,...,y") are called the normal coordinates associated with the local coordi-
nates (z',... 2") at p.
In other words, if £ = yla%l + .. +y" am € T,M then (y',...,y") are the normal

coordinates of exp,, &.

Normal coordinates are actually defined by the connection (they do not depend on
the form w). We will list several properties of the normal coordinates (see e.g. [E], [T],

VD).

Let ( ,y") be local coordinates such that a given point p € M corresponds to
Yl =... = O Then they are normal coordinates if and only if
(4.3) WYy =0,

where F;k(y) are the Christoffel symbols which are calculated at a point with the local
coordinates y = (y*,...,%") in the coordinates y7.

Using w we can pull the superscript 7 down and rewrite (4.3) equivalently in the form
(4.4) Lijk(y)y’y* =0.

Taking ¢’/ = t¢7 in (4.4), dividing by #? and taking the limit as ¢ — 0, we obtain due
to the symmetry of I';;;, in 7, k:

(4.5) I'ijk(0) =0.
Let us write the Taylor expansion of I';;;, at y = 0 in the form:

(46) Uk Z Azgkal oY a .yar 9
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where
87Tijk

4.7 Aiikar. . = Aiikar..a = .
( ) ]k 1...Qp Jk' 1 r(p> 8ya1...8yaT y=0

Here p € M is the “origin” of the normal coordinates.

Note that different normal coordinates with the same origin differ by a linear trans-
formation. It follows that the correspondence p — A;jka,...q,.(p) defines a tensor on M
(the components should be related to our start-up coordinate system (z!,...,2")).

Definition 4.1. The tensor A;jra,...qa, is called an affine normal tensor or an affine
extension of I'yj;, of order r = 1,2,.... We also take by definition A4;;;, = 0 which is natural
due to (4.5).

Proposition 4.2. The affine normal tensors have the following properties:

(1) Aijkay...a, 5 symmetric in j, k and also in oq,..., o, (i.e. with respect to the
transposition of j and k and also with respect to all permutations of ay, ..., );

(ii) for any r =1,2...

(4.8) Sjkeikan,..on (Aijkar.an) = 0,

where Sj ki k,ar,...a. Stands for the sum of all the (r + 2)(r + 1)/2 terms obtainable
from the one written within parentheses by replacing the pair j, k by any pair from the set
{j?kaah . '7ar}-

(iii) Assume that a non-degenerate 2-form w on M 1is fized. If the tensors
{Aijkay..an] 7 =1,2,...} are given at one point p, satisfy the conditions in (i), (ii) and be-
sides the series (4.6) is convergent in a neighborhood of 0, then the sums in (4.6) constitute
the set of the Christoffel symbols of a symmetric connection in normal coordinates.

The proof easily follows from (4.4) and it does not differ from the proof of the version
of this statement for T, which is given e.g. in [E],[T],[V]. It can be also reduced to the

corresponding statement for I‘; . by pulling down the superscript <.

Examples of the identity (4.8) for r = 1 and r = 2 are as follows:
(4.9) Aijrl + Aijik + Airiy = 05
(4.10) Aijrim + Aijikm + Aijmit + Aiktjm + Aikmjt + Aitmjr =0 .

Let us consider an arbitrary tensor 7' = (T ;;;l’“) on M.

Definition 4.3. The (affine) extension of T' of order r is a tensor on M, such that

its components at the point p € M in the local coordinates (x!,...,z") are given by the
formulas

8TT?;1~«7;I<:
(4.11) Tt gt

J1---J1, Q1.0 ayal B 'ayar y=0 9
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where (y,...,y") are normal coordinates associated with (z,...,z") at p.
In particular we can form the extensions of w;; which will be tensors w;j o, ...a..-

Note that the first extension of any tensor coincides with its covariant derivative
because 1"}, (0) = 0 in normal coordinates.

Let us consider the extensions of w and I' together.

Lemma 4.4. (i) If the connection I' preserves w then
(412) Wijkay...a, = Aikjozl...ozr - Ajkiozl...ozr

forallr=0,1,... and all i,j,k, a1, ..., Q.

(ii) Vice versa if (4.12) holds on M for r =0 then I' preserves w.

(iii) If M,w, T are real analytic and the relations (4.12) hold at a point p € M then T’
preserves w in the connected component of p.

Proof. (i) Let us recall (see Sect.1) that I" preserves w if and only if
(4.13) Ohwij = Ting — Tjgi -

Let (y',...,y™) be normal coordinates at p € M. Let us write the Taylor expansion
of w;; in these coordinates

(4.14) wij (Y Z Wijooyoonon (0) YOy
0

It follows that Opw;; = %wzj has the Taylor expansion

aka Z (Uzj aig.. ) Z yal NN (SIC:S B yoz,«
r=1 s=1
0o 1 )
= ZT_Z 2.7 kaldaa'r(o)yal "'yas "'yar .

(Here a “hat” ~ over a factor means that this factor should be omitted.) Clearly all the
terms in the last sum are equal, therefore we obtain

akwm Z

T:l

u)zj kaq.. aril(0>yal ...... Y

or

1 « «
(4.15) Opwij(y) = Z Hwi%kalmar(O)y Lo Yy



Now comparing the Taylor decompositions in both sides of (4.13) we arrive to (4.12).

(ii) Assuming that (4.12) holds for r = 0, we see that the first extension of w;; vanishes
on M, and the statement (ii) follows because this extension coincides with the covariant
derivative.

(iii) If M, w, T are real analytic then the series (4.14) converges and can be termwise
differentiated which leads to (4.15) (where the series is also convergent). Comparing the
Taylor series of the both sides of (4.13) we see that the relations (4.12) at p imply that
(4.13) holds in a neighborhood of p which proves (iii). O

Now we can formulate a point characterization of possible extensions of w;; and I';;i
at a point of a Fedosov manifold.

Theorem 4.5. 1) Assume that we are given a set of tensors
(416) Wij,ay...a, = Wij,aq...ap (0)7 Aijka1...ar = Aijka1...ar (O)’ r= 07 17 cee

at a point 0 € R™. Then a structure of a real-analytic Fedosov manifold in a neighborhood of
0 in R™ with the tensors (4.16) serving as extensions of w;j and I';ji in normal coordinates
at 0, exists if and only if the following conditions are satisfied:

(a) Aijx(0) =0, and Ajjra,..a,.(0) is symmetric in j, k as well as in o, ..., 0 for
anyr=1,2...;

(b) Aijkas...a.(0) satisfy the identity (4.8);

(c) wij(0) is skew-symmetric in i,j and non-degenerate;

(d) wij,ay...a.(0) is skew-symmetric in i,j and symmetric in o, ..., Qy;

(e) for all 7 = 0,1,... the identity (4.12) is satisfied at O;

(f) the series (4.6) and (4.14) are convergent for small y.

The structure of a real-analytic Fedosov manifold near 0 is uniquely defined by the tensors
(4.16).

2) Assume that we are only given tensors A;jka,...q, (0) such that the conditions (a), (b)
are satisfied and the series (4.6) is convergent for small y. Then a real-analytic symplectic
form near 0 complementing the connection (defined by I';; given by the series (4.6)) to a
local real-analytic Fedosov manifold structure near 0 exists if and only if for allr = 1,2, ...

(4.18) Aikjor...ar(0) = Ajkia,...a, (0) is symmetric in k, oy ,

i.e. with respect to the transposition of k and a1. The form w above is uniquely defined by
wi;(0) and it exists for arbitrary skew-symmetric non-degenerate w;;(0).

Proof. 1) It is obvious from the considerations above that the conditions (a)-(f) are
necessary for the existence of a local real-analytic Fedosov manifold near 0 with the given
extensions (4.16). They are also sufficient because we can define w;;(y) and I';;x(y) near 0
by the convergent series (4.6) and (4.14), and it is easy to see that all the conditions will
be satisfied. The uniqueness of w,I" near 0 is obvious because the tensors (4.16) define all
the Taylor coefficients of w,I" at 0.
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2) If the tensors Ajjka,..q, satisfy (a),(b) and the series (4.6) are convergent for
small y, then the sums of these series provide I';;x(y) which determine a real-analytic
symmetric connection in normal coordinates for any given real-analytic non-degenerate
skew-symmetric form w;;(y) defined near 0. To make this 2-form symplectic and preserved
by I' we can try to find it from the conditions (4.13) which determine all first derivatives
Orwi; near 0, so we only need to know w;;(0).

Let us choose an arbitrary skew-symmetric matrix w;;(0). Then we can find w;;(y)
from (4.13) if and only if the following compatibility conditions are satisfied near 0:

(4.19) O (Lik; — Tjri) = 0Lty — Tjus)
or, equivalently,
(4.20) 0i(Tikj — I'jgi) is symmetric in k, [ .

But the same argument as the one leading to (4.15), shows that the Taylor expansion of
Oilik;(y) at 0 has the form

o0

1 (6% (0%
(4.21) SINEDY Akt Y Y

r=1""

It follows that (4.20) is equivalent to (4.18), so the statement 2) follows. O

Corollary 4.6. Let Ajjka, .., be tensors at a point 0 € R", r =0,1,..., Ajjr =0
and the series (4.6) are convergent near 0. Then the sum of these series define symplec-
tic connection in normal coordinates, which are at the same time Darboux coordinates
(with arbitrary constant skew-symmetric non-degenerate w;; ), if and only if Aijka;...q, are
symmetric in i, j, k and in aq,...,q., and besides the conditions (4.8) are satisfied.

Proof. Let us fix an arbitrary constant skew-symmetric non-degenerate w;;. The
condition (4.8) guarantees that the sums I';;(y) of the series (4.6) give us components of
a symmetric connection in normal coordinates due to Proposition 4.2. Now (1.2) implies
that this connection preserves the constant form w if and only if I';;; is symmetric in ijk
which is equivalent to saying that A;jra,. ., are symmetric in 4, j, k for any r =1,2,... .
|

Now we can formulate the simplest result about local invariants of Fedosov manifolds.
For simplicity we will only consider invariants which are tensors though similar results are
true e.g. for invariants which are tensors with values in density bundles.

Definition 4.7. A tensor T' = (T;lljzl’“ (z)) on a Fedosov manifold M is called a local
invariant of M if its components at each point p € M are functions of a finite number of
derivatives (of arbitrary order, including 0) of I';;; and w;; taken at the same point p in
local coordinates, i.e.

(4.22)  T;lok(p) = FjLoik (Cige(p), 0aLijn(p), - - - wij (P), 0awij (P); OagOay wij (p); - - )
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where the functions F ]lejzl’“ do not depend on the choice of the local coordinates. A

Groare all rational or

local invariant is called rational or polynomial if the functions F ;11
polynomial respectively.

In particular, this definition applies to local invariants which are differential forms.

Theorem 4.8. Any local invariant of a Fedosov manifold is a function of w;; and a
finite number of its affine normal tensors, i.e. it can be presented in the form

(4.23) T;j;lk (p) = G;i;’f (wij (p), Aijkar (D) - -+ Aijkay...an (D))

where the functions G;llzj’; do not depend on the choice of local coordinates. If the invariant

v are also rational or polynomial

T;j;l’“ is rational or polynomsial, then the functions G;i

respectively.

Proof. Since T is a tensor, its components T;ll;l’“ (p) will not change if we replace

local coordinates (z!,...,2™) by normal coordinates (y!,...,4™) which are associated with
(x',...,2™) at p. But then according to Definition 4.7 we obtain, using formulas (4.7) and
(4.12):

(4.24)  TiE(p) = FiLE(0, Aijra(D), - wig (9), 0, Aiayjas (D) = Ajayias (D), - ) -
All statements of the Theorem immediately follow. O

5. Normal tensors and curvature.

A. Let us try to connect the affine normal tensors and extensions of w;; on a Fedosov
manifold M with the curvature tensor. First let us rewrite (2.5) in terms of I';;, and R
instead of I';, and R'j;:

(5.1) Rijki = wisOk(w*PTp 1) — wisO(w*PTpik) — W PTpjilikm + @™ piklitm -
The standard formula for differentiation of the inverse matrix gives
(5.2) Ohw = —w" W Opw,s = W W AWy -
Let us introduce normal coordinates with the center p. Observe that in such coordi-

nates Ik (p) = (Okwi;)(p) = 0. It follows from (5.2) that (9xw™)(p) = 0. Now performing
differentiation in the right hand side of (5.1) and taking the values at p we obtain

(5.3) Rijri = Aijie — Aijra
which is an equality of tensors, and it is true everywhere on M because p € M is an
arbitrary point. This gives an expression of R;;i; as a linear combination of affine normal

tensors.
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We can do another step in this direction by applying 0,, to both sides of (5.1) and
taking values at p which leads to

(5.4) Rijkt,m = Aijikm — Aijkim

where R;jp,m means the first extension of the curvature tensor R;ji; or its first covariant
derivative (which coincide).

Further differentiations lead to expressions of the extensions of the curvature tensor
which are already non-linear in normal tensors and also explicitly contain w*, though they
are linear in the highest order normal tensors:

Lemma 5.1. For anyr >0
(55) Rijkl,ozl...ozr = Aijlka1...ar - Aijkla1...ar + Pr

where P, is a polynomial of the components w* and of the normal tensors of order < r,
FPy=P, =0.

B. Our goal now is to express the normal tensors and the extensions of w;; in terms
of the curvature tensor. Let us start by solving the equations (5.3) with respect to A;j.
Making cyclic permutations of j, k, [ we obtain, using (4.9):

(5.3') Riri; = Aikji — Airyy = Aijr — Aikty = 244501 + Asjir

(5.3") Rijk = Aukj — Auje = Aikij — Aijie = =2 A6 — Aijl -
Adding doubled (5.3’) with (5.3”) gives
1
(5.6) Aijr = §(2Riklj + Rijk) -
Also using (2.6), we obtain
1
(5.7) Aiji = g(Riklj + Rijik) -

A simple relation between the second extension of w;; and the curvature tensor is
given by

Proposition 5.2. On any Fedosov manifold
1

(5.8) Wij kl = 3

Riij -
Proof. According to Lemma 4.4 we obtain, using (5.7):
1
Wij el = Aikjit — Ajrit = g(Riklj + Rijik — Rjrii — Rju) -
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The second and fourth terms cancel due to Proposition 2.3, so using (2.6) we obtain:

1 1 1 1
wij ikl = = (Riktj — Rjrii) = 5 (Riitj — Rijii) = 5(—Riiji — Rijii) = s Ry - O
3 3 3 3
Now we will try to solve the equations (5.5) with respect to the higher order normal

tensors. Relations of this type between the curvature tensor R’ ;i and normal tensors

A;kal___ar defined similarly to (4.7) but with I';;; replaced by Fj‘w can be found in [Th],
Sect.49, and [V], Ch. VI, Sect.9-12. Note that generally A;kal...a,« does not coincide with

wipApjkalmar because wP is not constant. We will give more details than in the exposition
in [Th] and [V] which we found insufficient.

We will need a combinatorial preparation first. Let J = {j1j2...,jm} be an ordered
set of positive integers. We associate to J an ordered set T'(J) of ordered triads of elements
of J. The set T'(J) will be defined by an inductive procedure:

T =0, m=1,2;

it) T(J) = {(jrjajs) < (Jsjrja)}, m =3;
iii) For m > 3 the elements T'(J) in the increasing order are:
(j1j2j3)7 (j1j3j4)7 ey (jljm—ljm)7
(jmj1j2)7
(J2dmdm—1)s (G2im—1Jm—2); - - -, (J2jajs),
(JaJ27a),
T(J\A{j1s2})-

Remark 5.3. The most important property of this ordering is the following: the first
and third elements of any triad are the same pair (with possibly reversed order) as the
first two elements of the next triad.

Lemma 5.4. For m > 2 we have

(5.9) Card(T'(J)) =m(m—-1)/2—-1.

Proof. The formula holds for m = 2 and m = 3. Now let us use induction with
respect to m. Denote N,, = Card(T'(M)). By the construction

Np=(m—-2)+14+(m—3)+1+4+ Np_o=Np_2+ (2m — 3).
On the other hand it is easy to check that

m(m —1)/2=(m—2)(m —3)/2+ (2m — 3). |
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Let Rijria,..., be the r-th extension of the curvature tensor R;jr; on a Fedosov
manifold. Consider the ordered set J = {jkla;...c.}. Note that we ignore the first
subscript 7 which plays a special role. For any triad u = (ujugus) € T(J) consider the
r-th extension R;, of the curvature tensor Rjy:

Riu = Riu,J\u~

Denote N = Card(T(J)) and let uV) < u(® < ... < u®™) be the list of all elements of
T'(J) (in increasing order).

The following theorem is an analogue of a Veblen theorem from [V].

Theorem 5.5. For any r > 0 the affine normal tensor of order r+1 can be expressed
through the extensions of the curvature tensor as follows:

N
1 -
(5.10) Aijklal...ar = _Ni"f‘l ;:1(]\[ — S+ 1)Rw(s) + P,

where P, is a polynomial of w9 and affine normal tensors of order p < r. Besides
Py =P, =0, so forr =0,1 we have precise formulas

1
(5.10)9 Aijrr = _§(2Rijkl + Rijk) ;

1
(5.10)4 Aijkim = _6<5Rijkl,m +4R;jim k + 3Rimjk,1 + 2Rikmi,j + Ritkm.j) -

To prove the theorem we will need several simple facts. We recall, first of all, that the
normal tensors Ajjia,,....a, are symmetric in j, k and also in a1, ..., o,.

Let us fix the ordered set of indices J = {j,k,a1...,a,}. Denote by P(J) the set
of all ordered pairs p = (p1,p2) of elements from J (here “ordered” means that p; stands
somewhere before py in the list of the elements of J above). Denote by A, the normal
tensor A;p, p,, 7\p Of degree r. The equality (4.8) (in Proposition 4.2) can be rewritten as
follows:

(5.11) > Ay =o.

pEP(J)

Lemma 5.6. (i) The extension of orderr > 1 of the tensor w;; is a linear combination
of normal tensors of order r — 1.

(ii) Every component of the extension of order r > 1 of the tensor w% is a polynomial
(independent on the choice of the coordinates) of the components w* and normal tensors
of order <r —1.
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Proof. The part (i) is obvious from Lemma 4.4 (in fact the formula (4.12) gives an
explicit expression). The part (ii) is obtained by multiple differentiation of the formula
(5.2) in normal coordinates with substitution of the right hand side of (5.2) instead of the
first derivatives of w% after each differentiation, and further use of the part (i) (or formula
(4.12)). O

Proof of Theorem 5.5. Let J = {j,k,l,a1,...,a,}. Applying Lemma 5.1 and
using the symmetries of normal tensors one could write that

N
— Z(N — S+ 1)R,L‘u(s) = Nleijk_
s=1
—(NAij = (N = 1)Ay)—

_<(N - 1)Aija1 - (N - Q)Aijal) — ... =

= N4, — Z Aip
pEP(J), p#(ik)

modulo a polynomial of w¥ and normal tensors of order < 7 (this polynomial vanishes if

r =0 or 1). Now the theorem follows because the right hand side equals (N + 1)A;;; due
to (5.11). O

Corollary 5.7. Any component Ajjka,..a, of the normal tensor of order r can be
expressed as a universal polynomial (i.e. a polynomial independent of the coordinates)
of components w* and components of extensions of the curvature tensor R of order
<r-—1.

Proof. The result follows from Theorem 5.5 if we use (5.6) (or (5.7)) and then
implement induction in r. O

C. Now we will establish relations between extensions and covariant derivatives. Let

us consider an arbitrary tensor T' = (T;lljzl’“) Let us recall that its (first order) covariant

derivative is a tensor Vp, T;ll;l" = VT =T ;f;l’“a defined by the formulas
(5.12) Tji ke = VaTill = Vo Tt =
Oyt + T2 e DTG = Do T, = = oy T =
SN AL WO il ERE T WY i

W goj, Tod ™ — . = W gy ThIw0

In particular, taking normal coordinates we immediately see that the covariant derivative
of T' coincides with the first extension of 7'
We define the higher order covariant derivative of T" of order r as the following tensor:

(5'13) Tlllk ) — va,,, . v Tlllk .

J1---J1,01,02,...,x Q1" g1
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It depends on the order of oy, ..., a, (unlike the extension T ;
Proposition 5.8. (i) Fvery component of the covariant derivative of T of order r

can be expressed through extensions of T of order < r:

(514> Tzlzk _ T1,1’Lk i "I‘Pr_l ,

J1--Ji,01,00,. 00 T T 100000

where P,._1 is a linear combination of components of extensions of T' of order < r —1 with
coefficients which are universal polynomials of w*” and of the components of the normal
tensors of order < r — 1.

(ii) Fvery component of the extension of T of order r can be expressed through the
covariant derivatives of T of order < r:
(5.15) T = Tt + Py,

Ji-- o1z T T j101,00,Q0,. 0

where P._1 s a linear combination of components of covariant derivatives of T of order
< r — 1 with coefficients which are universal polynomials of w* and of the components of
the normal tensors of order <r — 1.

Proof. (i) is obtained by repeated application of covariant differentiation formula
(5.12) in normal coordinates with the use of (5.2) to differentiate w®. We should also use
(1.2) to get rid of the first derivatives of w;; as soon as they show up, replacing them by
linear combinations of I';;;,. After all differentiations are done, we should take values of all
quantities at the center of the normal coordinates, which leads to (5.14).

To prove (ii) we should use induction in r. We already observed that (5.15) is true for
r =1 (with Py = 0), i.e. the first extension coincides with the first covariant derivative.
Now assuming that (5.15) is true with r < ro — 1, we can take (5.14) with » = ry and
replace components of the extensions of 7" in P,_; by the corresponding combinations of
the components of the covariant derivatives. This leads to (5.15) with r =r¢. O

Theorem 5.9. Any component Ajjka,..a, of the normal tensor of order r can be
expressed as a universal polynomial (i.e. a polynomial independent of the coordinates) of
the components w* and of the components of covariant derivatives of the curvature tensor
Rijr of order < r —1.

Proof. Let us act by induction in r. For r = 1 the statement follows from (5.6) (or
(5.7)). For any r > 2 let us use Theorem 5.5 to express any component of the normal
tensor of order r + 1 through extensions of the curvature tensor of order < r by the
formula (5.10). In the remainder term P, of (5.10) we should replace the normal tensors
of order < r by the covariant derivatives of the curvature tensor of order < r — 1 using the
induction assumption. Now express the extensions R, in the right hand side of (5.10) by
the covariant derivatives of the curvature tensor using Proposition 5.8. It remains to use
again the induction assumption to replace the newly appeared components of the normal
tensors (from the remainders in (5.15)) by the components of the covariant derivatives of
Rijr. O

Corollary 5.10. Proposition 5.8. remains true if in its statement we replace the
components of the normal tensors of order < r — 1 by the components of the covariant
derwatives of order < r — 2 of the curvature tensor Rjp;.
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Now we are ready for another presentation of possible local invariants of a Fedosov
manifold.

Theorem 5.11. Any local invariant of a Fedosov manifold is a function of w;; and a
finite number of covariant derivatives of its curvature tensor R;jr, i.e. it can be presented
in the form

(5.16) Titk(p) = G (wi (), Rijre(p)s - - -, Rijhtsarsoona (D)) 5

where the functions G;llzj’; do not depend on the choice of local coordinates. If the invariant

T;;;l’“ is rational or polynomial (in w;;,w™ Uik and derivatives of wi;, ik ), then the

functions Gk

L4y are also rational or polynomial (in the same sense) respectively.
Proof. Due to Theorem 4.8 and Proposition 5.2 it is sufficient to express the normal
tensors Ajjra;...a, polynomially in terms of w* and the covariant derivatives Rijri a;.,...,a,

p=20,...,7— 1. This is possible due to Theorem 5.9. O

Remark 5.12. Not all functions (and even not all polynomials) G;i;’; indeed give us
local invariants of the Fedosov manifold (the corresponding expression is not necessarily a
tensor yet, it might still depend on the choice of local coordinates). The form given in the
expression (5.16) is necessary but not sufficient for an expression to be a local invariant.

D. Theorem 4.5 establishes necessary and sufficient conditions for the tensors
Aijkay...ar, given at a point, to be normal tensors of a real-analytic Fedosov manifold.
The relations between normal tensors and the extensions of the curvature tensor or with
its covariant derivatives which we proved above, in principle allow to write necessary
and sufficient conditions for a family of tensors to be a family of extensions or covariant
derivatives of the curvature tensor of a real-analytic Fedosov manifold at a point. However
the algebraic relations between normal tensors and the curvature are not simple, so we can
do it effectively on the lowest levels only. As an example we will do it for the curvature
tensor itself (without extensions or derivatives) and also for the first covariant derivatives
of the curvature tensor.

Theorem 5.13. Assume that we are given a tensor R;jr at the origin 0 € R™. Then
necessary and sufficient conditions for this tensor to be the curvature tensor of a Fedosov
manifold at a point are:

(a) Riji = —Rijik ;
(b) Rijri = Rji ;
(c) Rk = Rijrr + Ririy + R = 0.

Proof. The conditions (a), (b) (c) are necessary as was established in Sect. 2. Let
us prove that they are sufficient.
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Let us introduce a hypothetical normal tensor A;;; at 0 by the formulas (5.6) or (5.7)
(it follows from (a) and (c) that they are equivalent). Let us check that the tensor A
satisfies the conditions from the part 2) of Theorem 4.5 with r =1 i.e.

(5.17) Aijir = Aikji
(5.18) Aigry =05
(5.19) Aijir — A — A + Agij = 0.

Clearly (5.17) follows from (5.7), and (5.18) follows from the condition (c). Now substi-
tuting the expressions for the terms in the left hand side of (5.19) from (5.7) we get

%(Riklj+Rijlk_Rkilj_Rk:jli_Rikjl_Riljk+Rkijl+Rklji) = _%(Rijkl+Rjkli+Rklij+Rlijk)7
where we used the properties (a) and (b). The last expression vanishes due to Proposition
2.4 (it is established in its proof that (2.9) follows from the properties (a), (b), (¢)).

Now defining Ajjka;as...a,, = 0 for all 7 > 2 we obtain a system of tensors which can
serve as a system of normal tensors of a Fedosov manifold at a point due to Theorem 4.5.
It remains to prove that its curvature tensor Rijkl at the given point will coincide with the
given tensor R;jk;. By (5.2) we have

1 1
Rijr = Aijik — Aijra = §(2Rizkj + Rikji — 2Rig1; — Ritji) = §(3Rilkzj + 3Rikj1) = Rijui »

where we used the properties (a) and (¢). O

To work with the first derivatives we will need another expression of the normal tensors
A;jkim through the first covariant derivatives (or first extensions) of R;jx;. It is similar to
(5.10)1 but has smaller coefficients.

Lemma 5.14. On any Fedosov manifold

1
(5.20) Aijkim = _6(2Rijkl,m + Rijem,i + Rikjim + Rikjm,i + Ritjm.k)-

Proof. The formula (5.20) can be deduced from a similar formula (49.7) in [Th],
p-130, by pulling down the superscript. However for the convenience of the reader we will
supply the proof which is only sketched in [Th].

The idea of the proof is to eliminate all the terms in (4.10), except the first one, using
(5.4) so that the corresponding curvature terms are added. As a first step substituting
Aijikm = Aijkim + Rijki,m to (4.10) we obtain

(5.21) 2A10m + Rijrim + Aijmit + Aiktjm + Aikmji + Aitmjre =0 .
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Now using the symmetry relations in Proposition 4.2(i), we can write
(5.22) Aijmil = Rijem, + Aijkmi = Rijem,1 + Aijkim

so (5.21) becomes

(5.23) 3Aijkim + Rijki,m + Rijem,i + Aiktjm + Aikmjt + Aitmjk -

In the same way we can treat all components of the normal tensors in (5.21) such that
either j or k (but not both) occurs as the the second or third subscript. Eliminating in
this way A;xijm and A from (5.23) we obtain

(5.24) 5A;ikim + Rijki,m + Rijim,i + Rikji,m + Rikjm,i + Aitmjre = 0.

To eliminate he last term we should do the same operation twice to put both j and k to
the second and third place:

Aitmjr = Ritym.k + Aitimk = Ritjm.k + Aijikm = Ritjmk + Rijri,m + Aijkim -

Substituting this expression for A, i into (5.24) we arrive to (5.20). O
Proposition 5.15. (The second Bianchi identity) On any Fedosov manifold

(5.25) Rijki,m) = Rijkim + Rijimk + Rijmeg = 0.

Proof. This identity is again true in a much more general context. In particular,
we can deduce it from the similar identity for arbitrary symmetric connections (with the
subscript ¢ lifted — see e.g. (49.13) in [Th], p.132). But for the convenience of the reader
we will reproduce the proof from [Th]. Another proof can be obtained by use of normal
coordinates as in [ON].

Let us interchange | and m in (5.20) and subtract the result from (5.20) using the
identities obtained from the identities (a), (b), (c¢) from Theorem 5.13 by taking the first
covariant derivative. We will get then:

0=2Rijki,m — 2Rijkm, + Rijkm, — Rijki,m + Rikjim — Rikjm, i+
+Rikjm,1 — Rikji,m + Rijm.k — Rimjik =
Rijrim — Rijkm, + Ritjmkx — Rimjip =
Rijkim + Rijmk,i + (—Ritmjk — Rimji k) =
Rijkim + Rijmik, + Rijim,k - O
Proposition 5.16. (Integrability identity.) On any Fedosov manifold

(5.26) Rimiji + Rijmik + Ritjk,m + Rikim,j =0 .
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Proof. Let us use the identity (4.18) with r = 2 i.e.
(5.27) Aijrim — Akjitm — Aitkjm + Aktigm =0 .

Substituting here the expressions of A;jxim, and other terms through the components
Rijki.m given by Lemma 5.14, and using (2.4), (2.7) we obtain:

—6(Aijkim — Akjitm — Aitkjm + Artijm) = 2(Rijkt,m + Rjktim + Ritijm + Riijk,m)+

+(Rjikm,i + Rjkmii) + (Ritjm,k + Rijmik) + (Riimk,j + Rikim,j) + (Rkimj,i + Rijim.i) -

The expression in the first parentheses in the right hand side vanishes because the differen-
tiated identity (2.9) gives R(;;r),m = 0. Now using the differentiated first Bianchi identity
(2.6) we can rewrite the right hand side as

—(Rmitj e + Rmjik,i + Rmkji,i + Rmiki ) -

This expression should vanish due to (5.27). Interchanging m and i, as well as k and [, we
arrive to (5.26). O

Remark 5.17. The combinatorial structure of the integrability identity (5.25) has
the following interesting features.

1) The first subscript i is fixed, but each of other subscripts j, k, [, m occurs exactly
once in any of the four available positions (second, third, fourth and fifth) in Rk, m.

2) In the cyclic order of positions (2 — 3 — 4 — 5 — 2) each of the subscripts j, k, [, m
is followed exactly twice by another subscript and exactly once by two others. In this way
j is followed twice by k, k by j, [ by m and m by [, so the preference of double following
is mutual and splits the subscripts j, k, [, m in two pairs: {j, k} and {l, m}.

Now we can prove that already established identities for R, » form a complete set
at a point.

Theorem 5.18. Assume that we are given a tensor Riji.m at the origin 0 € R"™.
Then necessary and sufficient conditions for this tensor to be the first covariant derivative
of the curvature tensor of a Fedosov manifold at a point are:

(a1) Rijki,m = —Rijik,m ;
(b1) Rijkim = Rjikim ;
(c1) RiGkty,m = Rijkt,m + Riktjm + Rigjem = 0;
(d1) Rijkt,m) = Rijkt,m + Rijim,k + Rijmky = 0.
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(e1) Rimkji + Rijmik + Ritjk,m + Rikim,j =0 .

Proof. The conditions (aj)—(e1) are necessary as was established above. Let us prove
that they are sufficient. This is done similarly to the proof of Theorem 5.13.

Let us introduce a hypothetical normal tensor A;;xi, at 0 by the formula (5.20). We
should first check that the tensor A;;x; satisfies the conditions from the part 2) of Theorem
4.5 with r = 2 i.e. the symmetries

(5.28) Aijkim = Aikjim,  Aijkim = Aijrmi

the identity (4.10) and the identity (5.27). This can be done by substitution of the ex-
pression (5.20) and similar one with permuted subscripts into the desired identities and
subsequent use of the properties (aj)—(e;). For example, to prove the first equality in
(5.28) interchange j and k in (5.20) and subtract the right hand sides. We get then

—6(Aijkim — Aikjim) = Rijki,m — Rikji,m + Ritjm.kx — Ritkm,j =

(Rijkt,m + Rikijm) — Ritmj e — Ritkm,j = —Ritjk,m — Ritmjk — Ritkm,; =0,

where we used (a1), (c1) and (dy). Similar straightforward calculations lead to the second
equality in (5.28), as well as to (4.10). The proof of (5.27) can be obtained by reversing
the calculations in the proof of Proposition 5.16 if we note first that the “differentiated”
identity (2.9) follows from (a;)—(c1) as in the proof of Proposition 2.4.

Now we can supplement the obtained tensors A;ji;, by arbitrary set of tensors
Aijkasr...an, T # 2, satisfying the conditions of the second part of Theorem 4.5 (for ex-
ample we can take A;jra,..a, = 0, 7 # 2). By Theorem 4.5 there exists a structure of
Fedosov manifold near 0 in R"™ with the normal tensors prescribed in this way.

It remains to check that the obtained Fedosov manifold indeed has the prescribed
first covariant derivative of the curvature tensor at 0 i.e. that (5.4) holds with A; ki, as
constructed above and with R;ji; ., coinciding with the given initial tensor. This is also
straightforward (the properties (aj;)—(d;) should be used). O

Remark 5.19. Clearly we can prescribe arbitrarily both tensors R;jx; and R;jki m at
0 provided they satisfy the conditions of Theorems 5.13 and 5.18.
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